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ＳＵＭＭＡＲＹＳｏｍｃＣＭＯＳｇａｔｅｓａｒｅｔｏｐｏｌｏｇicaIlyasymmetric
ininputs,eventhoughthcyareIogicallysymmetricltimplies
apossibilitytoreducepowerconsumptionbyoptimizingsignaI
assignmenttotheinputs・Inthisstudywctheoreticallyderive
powerconsumptionof2-inputNANDgatebasedontransition
probabilityofinputsignals，witbtakingintoaccountcharging
cu｢rentduetoanintcrnalnode・Wealsoproposeasignalassign-
mentmethodtoinputterminalsfbrreducingpowerconsumption
reductionbycxtcndingourmethodIbrlargecircuits,ａｎｄｄｅｍｏｎ‐
stratetheefYbctofpowe『consumptionreductionbytheprescnt
mcthod
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Ｉｎｔｈｉｓｐａｐｅｒｗｅｓｔｕｄｙｔｈｅａｂｏｖｅｐｏｓｓibilityband
proposeamethodfbrreducingcharging/discharging
powerconsumedininternalnodes・Atfirst,ｉｎＳｅｃｔ２，
wetheOreticallyderivecharging/dischargingpowercon‐
ｓｕｍｐｔｉｏｎｏｆ２－ｉｎｐｕｔＮＡＮＤｇａｔｅｂasedontransition
probabilityofinputsignals、Ｔｈｅｎｗeproposeamethod
ofoptimaIassig､ｍｅｎｔofsignalstoinputsIbroptimiz‐
ingpowerconsumptionNext，ｉｎＳｅｃｔ､３，simulation
resultsbyMonteCarlomethodinswitchinglevelsimu‐
lationaIongwithcircuitsimulationarepresented、Pilr‐
ther,ｉｎＳｅｃｔ,４，weextendourmethodfbrgenerallogic
circuitｓｃｏｍｐｏｓｅｄｏ「Z-inputNANDgates・Finallywc
evaluatetheefYbctofpowerreductionbythepresent
methodfbrl-bitMI-adderasanexampIe．
1．Introduction
Thcincreaseofpowerconsumptioninintcgratedcir‐
cuitsisoncofmajorfactorsthatpreventthelarger
scaleintegrationinfilture・Manystudieshavebeen
reportedfbrｓｕｃｈapproachesasreducingsupplyvoIt‐
age,reducingsignalswingandsoon[l]-[4］Powerof
charging/dischargingloadcapacitanceisalargepart
inCMOScircuits､ItisdescribedasCVadVbf,whereC
isthetotalloadcapacitance,Wadissupplyvoltage,略
issignalswing,ａｎｄノisanefTbctivesignalfrequency、
LargeimprovementisexpectcdbyreducingC,Wild,ａｎｄ
略．Ontheotherhand,thereductionofthefi｢equency
/,thatdependsonasystemClockfTequencyandcircuit
topologyinsynchronoussystems,causesdegradationof
processingabilitybSo,anothertechniqucssuchlikepar‐
allelprocessingshouldbeusedfbrcompcnsation[5]・
Itisnotable,however,thatcharging/discharging
charactcristicsofinternalnodcsoflogicgatesisnot
alwaysdefiniteIydeterminedfbragivensystemclock
fi｢cquencyBInputterminaIsofCMOSlogicgatcsare
usuallyasymmetricintoPologyieventhoughtheyarelogicaIlysymmetricJtimpliesthatthereisapossibil‐
ityofreducingtheeHbctivesignalｈ･equencyofinternal
nodesbyoptimizingassignmentofsignalstologicalIy
symmetricinputs,afterIogicdesignhasbeenfinished，It
isaIsonotablethattheconventionalpowermodelingof
gatetakesintoaccountthemacroscopicbehaviorwith-
outconsideringtheeHbctoｒａｓymmctryofinputsignaltransition,which,ｉｎturn,isimpossibletooptimizethe
powerconsumptionintheinternalnodes．
2．ProbabilityModelof2-InputNANDGatePWer
Consumption
Ｗｅｃｏｎｓｉｄｅｒａ２－ｉｎｐｕｔＮＡＮＤｇａｔｅａｓａｂasiceIement
oflogiccircuits・ＩｔｓｍｏｄｅｌｉｓｓｈｏｗｎｉｎＦｉｇ・ＬＨｅｒｅ
ｚａｎｄｇａｒｅｉｎｐｕｔｎｏｄｅｓ,ｚｉｓａｎｏｕｔｐｕｔｎｏｄｅ,CLis
capacitanceoftheoutputnode,andQiscapacitance
ofaninternalnodeJnFig.’(c),weillustrateonlyan
n-typepartbecausenointernaInodeexistsinap-type
part・
InthismodeLCLandQhavetwostates;acharged
stateasQL＝CLI/ildfbrCLandQ`＝Ｑ(U/ad-1/B)fbr
Ci,andadischargedstateHere,V/Zisthethresholdvolt‐
ageofn-MOSFET､NotethatCLisalwaysconnected
toeitherVadorGＮ、,whileqbecomesHoatingwhen
boththeinputsareOSo,thestateofqisdescribedas
afinitcstatemachincwithinputzandgintheprescnt
modeL
2.lModelingoflnputSignal
Here,weproposeaprobabilistictreatmeｎｔｏｆｌｏｇｉｃｃｉｒ‐
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Ffg・ZDefinitionof(α,β)．
cuitsandsignalsfrommorcaccuratepointofviewthan
thoseofpreviousworks[6)[7]・Supposingthatinput
signalstransitbetween“０，，ａｎｄ``１，，synchronizedwith
asystemclock,characteristicsofinputsisdescribedby
parametersoftransitionprobabilityAstatetransition
diagraｍｃａｎｂｅｄｅｆｉnedbytwoprobabilityparamctcrs
(α,β)fbraninputsignaLasshowninFi9.2.Hereα
andβareremainingprobabilitytostate“O”ａｎｄ“１，，，
respectivelyLetハbeaprobabilitythatthestateis
"０，，ａｔｔｈｃ〃-thclockcycle・Ｔｈｅｎハ＋，isdescribedas
fbllows：
Fig.３nansitiondiagramoftwoinputpair．
腕+,＝αハ＋(１－β)(１－ハ）（１）
FroInEq.(1)itisderivedthatハapproachesPbasfbl￣
lows[8］
１－β几＝ｌｉｍハー２－α＿β （２）７８→oo
Aprobabilityoftransitionevcntfrom“0,,ｔｏ“l”
percycleisgivenasfbllows：
Fig.４Statetransitiondiagramwithfloatingstates,00(O)and
OO(1),intoconsideration．
ThCfbllowingequationsholds,bccauscp9P(o)andp9P(1)
ｐ１ｌＯ＝plP(O)＋pIP(1)
Fig.4,pＩＩＰ(o)andp野(1)arcthcndcscribedasfbllows：
裳E1iiiJiiIjli糊(．
FromEq.(6),itisderivcdthatpIP(0)andP9P(1)ap
proacMl:)andPl;),respectivelWMbllows：
Ⅳ-Ｍ｡)＝('芸砦β）￣ (3)
2.2ModelingofOutputNode
ThestateoftheoutputcapacitanccCLisdetermined
bythecombinationoftwoinputstates・Assumingthat
transitionofeachinputisindependent，thestatetran‐
sitiondiagramoftheinputpaircanｂｅｄｅｓｃｒｉｂｅｄａｓ
ｓｈｏｗｎｉｎＦｉｇ３・
InasimilarwaytoEq.(2),probabilityofthepair
stateconvergesasfbllows：
（１－凡)(１－βｊＢｏ＝(２－α鍾一ら)(２－α,一角),andsoon.（４）
Thcoutputstatc"０，，iscorrespondingto混,,,whilethe
outputstatc“1'，iscorrespondingtotheothers;几0,Ｐｉｏ
ａｎｄｆｂ,． P}}I)=,Jj1WIP(o）
α鯵(１－βﾂﾞ)几,＋(１－比)(１－角)P,，￣Z3ModclingofInternalNode １－αgcagPl8)=,liHW3P(1)
（１－Ａ)α，Ｐ,０．１－α$ａｇ
ThestateoftheinternalnodecapacitanceCdcanbe
modeledasalinitestatemachineasmentionedabove、
ThestateofQis,thus,notdeterminedbythcinputpair
butdependentonitshistoryWeintroducctwostates；
00(1)fbrchargedstateofCd,ａｎｄＯＯ(O)fbrdischarged (7)
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ｇａｔｅｍｔｗｏｗａｙｓ、Herewederiveacriterionofthe
optimumassignmcntfbrpowerconsumptｉｏｎ
ＬｅｔＰａｎｄＰ'bepowerconsumptionwheninput
signals(s垂,sﾂﾞ）areassignedtoinputterminals(i竃,i‘）and(iU,靴respectively
PisgiveninEq.(12)．Ｐ’isgivenbyreplac‐
ingfburprobabilityparameter{(α鍾,比),(αWa3,)｝ｂｙ{(αﾂﾞﾊ,),(α麺Ａ)}inEqs.(4),(7),(8)and(11).ＷＭＣ‐
finechargingcventprobabilitiesderivedｉｎｔｈｉｓｗａｙａｓ
１ＶＬａｎｄｊＷｆｂｒＣＬａｎｄＱ,respcctivelyThedifTbrence
ofpowerconsumption,△Ｐ,isdescribedasfbUows：
△Ｐ＝Ｐ－Ｐノ
ーノCiWad(U/ad-Vi）
｛ＷＶＬ－Ｍ)＋(ﾊﾙ-Ｍ)}，（13）
邇一山 i函(ﾒﾂＰ
Fig5TTansitionDiagramofQL．
Z4ModelingofCapacitanceStaｔｅａｎｄＰｏｗｅｒＣｏｎ‐
●
sumptlon
ＴｈｅｓｔａｔｅｏｆＣＬｉｓ“0,,whentheinputpairstatcisll，
and“1,,otherwise、AstatetransitiondiagramofCL
isobtainedbydegeneratingFig3asshowninFi9.5．
Ｈｅｒｅｔｈｅｓｔａｔｅ“０，，ｉｎＦｉｇ・ＳｉｓｑｕａＩｔｏｔｈｅｓｔａｔｅ“１１，，
ｉｎFig.３，whiIethestate“1,,isadegeneratedstateof
"００，，，“01,,,ａｎｄ“１０”ｉｎFig.３．Tmnsitionprobability
parameters(αQL,βQL）inFig5aregivenasfblloWs：
where7standsfbrCL恥/{Cd(1/ad-1/､}・As7VZis，however，symmetricfbrexchangingtheinputparame‐
ters,NLiscqualto1VL・Thus,thebllowingequation
canbeusedasacritcrionofassignmentmethodfbrthe
optimumpowerconsumptlon：
Ｄ=而壼｢三;二丁瓦-両
一砦:二元ｇ－ｕ１芸簔if=竜1塗LⅡ
Here（αQ`,恥）arcprobabilityparametersgivenin
Eq.(11),and(α6`,殆`)aMhosegivcnbycxchanging
(α錘,βb)ａｎｄ(αﾂﾞﾊ,)asfbllows：
叱行蝋鯛榔鯛ﾂﾞ｝妬`=(P3;)'α雪＋几1α露)/(Pl;)'＋Pb,)，
淵L……xﾄ帆）ｌ－ａｇＤａｇｗ=ミヂムニニニ{;lPh
（16）
ＷｈｅｎＤｉｎＥｑ.(14）ｉｓnegative，asSignmentof
(s錘,sg)ｔｏ(i錘,Zﾂﾞ)givestheoptimumOthcrwiseassign‐
mentof(s鐘,sy)ｔｏ(j沖j錘)givestheoptimum．
貯倒蝋|鯛餓ＩａＱＬ＝/Ｍ:,，
(8)
wherePbo,Pio,Pb1andPi1aregiveninEq.(4).Event
鞠§辮蹴雪蝋熊驍鮎I綱i網
chargingCLperclockcycle,jVL，ｉｎａｓｉｍｉｌａｒｗａｙｔｏ
Ｅｑ.(3)asMlows：
耐一旦三二雲:{二二蓋ニュ（,）
Similarlybwecanderivetheprobabilityofcharging
eventofCfpercIockcycleasfbllows：
瓦-'壱三:fl:二三課（'0）
Here，
Ｚご駄鞠聯聿;ilwiwl
3．ResultsofSimUnuntmm(11）
Wecarriedoutcomputersimulationinswitchlevelas
wellascircuitleveltoverifytheabovemodel．Homtheaboveequations,theaveragepowerconsump‐tionPatasystemclocMiPCquencyofノisderivedas
fbllows：
アーノ{7V五ｏｚ噸十瓦ｑ１/5,.(1/ad-1/､}．（12）
3.lRcsultsofSMtch-LcvelSimulatio、
WecarriedoutMonte-Carlosimulationtoverifycharg‐
ingprobabilityequationomVLandMInputsignals
transitionwasdeterminedbyrandomnumber・Error
finaUybecomeslessthan0.1％whichshowstheproper‐
nessofthetheoreticalmodeL
2.5ACriterionfbrOptimumAssignment
Whentwoinputsignalsfbra2-inputＮＡＮＤｇａｔｅａｒｅ
ｇｉｖｅｎ,wecanassignthemtotheinputterminalsofthe
ＡＳＡＤＡａｎｄＡＫｍＡ:ＡＭＥＴＨＯＤＦＯＲＲＥＤＵＣＩＮＧＰＯＷＥＲＣＯＮＳＵＭＰＴＩＯＮＯＦＣＭＯＳＬＯＧＩＣ
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Fig.９Simulatedpowcrconsumptionvs・thcoreticalpower
consumptionofl-bitMladder．
Phmdel
仏ｗｌ
●asshowninFig､5,parameters(α毒,β之)aredcscribedas
fbllows：
００．５１．０１．５２．０２．５３０３．５
Ｒ、ﾚﾑw］
Fig.７Simulatedpowerconsumptionvs・theoreticalpower
consumptionoｆＮＡＮＤｇａｔｅ． α夢＝αQL，＆＝βごＬ（17）
Thus，wecanderivetotaIpowerconsumptionof
acombinationalcircuitcomposedof2-inputNAND
gates，bycalculatingprobabilityparametersofoutput
nodeofeachgatefromprimaryinputstothefinalout-
putsalongsignalflowf
Tbcheckthepropernessofthisextensionmethod
togeneralcombinationallogiccircuits,wecarriedout
circuitsimulationofpowerconsumptionusinｇｌ－ｂｉｔＭｌ
ａｄｄｅｒａｓｓｈｏｗｎｉｎＦｉ9.8ａｓａｎｅｘａｍｐｌｅ・Wefirstgave
probabilityparametersoftheprimaryinputsrandomlM
anddecidedtheoptimumassignmentofthem、Then
wecalculatedprobabilityparametersoftheiroutputs・
Weiteratedthisprocessfromtheprimaryinputstothe
finaloutputsalｏｎｇｔｈｅｓｉｇｎａｌＨｏｗｉｎｔｈｅｃｉｒｃｕｉｔｕｎ－
ｔｉｌａｓｓｉｇｎｍｅｎｔｆｂｒａＵｔｈｅＮＡＮＤｇａｔｅｓhavebeende-
cided・InspiceSimulation，probabilityparametersof
inputnodes,ｚ０，Z、,cowererandomlydetermined,and
powerconsumptionwascalculatｅｄＲｅｓｕｌｔｓａｒｅｓｈｏｗｎ
ｉｎＦｉｇ９・TheslopeofthelineinFig・gisnearlyequals
toLSmalldeviationfiPomthemodelmaybecausedby
themutualdependencemsignaltransitionprobability，
whichweignored
PossibleassignmentwayofinputsignalstoNAND
gatesis29＝５１２ｉｎFig.８．Anexampleoftheoptimum
assignmentfbrsomeprobabilityparametersofinputs
basedonEq.(14）isshowninFig8,wherethenum‐
ｂｅｒｌａｎｄ２ｉｎｅａｃｈＮＡＮＤｇａｔｅｃｏｒｒｅｓｐｏnｄｓｔｏｔｈｅ
3.2ResultofCircuitSimulation
lnswitchlevelsimulationsimultaneoustransitionofin‐
putpair,suchlikeOOtoll,isnotpreciselysimulatedbe‐
causetheinternalnodeCapacitancｅＣｉｍａｙｂｅＣｈａｒｇｅｄ
ｕｐｔｏａｎｉｎｔｅｒｍｅｄｉatelevelTbfilrthercheckthetheo-
reticalpowerconsumption，wecarricdoutcircuitsim‐
ulationbyspice[9]fbrthemodelcircuitasshownin
Fi9.6．Inputsignaltransitionwassetrandomlybased
onprobabilityparameters・ThegateIengthof3〃mwith
gatewidthofl5叩(nMOSFET)ａｎｄ３０川(pMOS‐
FET)fbrMOSFETsareusedinthisspicesimulation，
asSUnmingatypicalCMOStcchnology[10]Powcrcon-
sumptionwascalculatedbyintegratingproductofsup‐
plyvoltagWEldandcurrentIbfromapowerSupplyb
Correlationofthetheoreticalpowerconsumption，
Rxmdelandthesimulatedpowerconsumption,Rimare
showninFig7fbrvariousvaluesofprobabilityparam‐
eters・ThecorrelationcoefIicientisnearlyequalｓｔｏｌ，
andslopeoflineisnearlyequalstoLThus,properness
ofthetheoreticalmodelofpowerconsumptionisagain
verified．
4．ExtensiontolpgicCircuitS
Ｔｈｅｓｔａｔｅｚｏｆａｎｏｕｔｐｕｔｎｏｄｅｏｆａ２－ｉｎputNANDgate
isdeterminedbyinputsstatesz,ｙａｓｚ＝ｚＷ,sothatthe
transitionprobabilityoftheoutput(αz,βz)canbeeas‐
ilydeterminedfromthcinputtransitionprobabilities・
BecausethestateofzisequivalenttothestateofCL，
fIncilCuitswithbranchesandjoins,inputsignalsfbra
gatearenotalwaysindependenttocaChotheringeneraLIn
thisstudybhowever，weassumcdtheindependenceamong
inputsignalsfbrsimplicity
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inpuMandginFig.’(b),respectivelybTheratioof
powerconsumptionintheoptimumassignmentandthat
oftheworstassignmentisａｂｏｕｔｌ：Ｌ１０ａｔＩｅａｓｔ，ａｎｄ
ｌ：L74atmost,whenthecapacitancesareClL＝２０ｆＦ
ａｎｄｑ＝１０fF・Randomassignmentofinputsignals
isexpectedtogiveapowerconsumptionbetweenthese
twoextremes・
ItisexpectedthatthesmaUerratioo｢ＣL/Cjgives
thelargerimprovementwiththeoptimumassignment・
Inourestimation,theratioofCL/qfbrNANDgate
witMmoutofZisabout3/lfbratypicalCMOStech‐
nology[10]whengatesarearrangedsidebysideThis
ratioofCL/Cigivesaratioof1：1.3atmostfbrpower
consumptionintheoptimumandtheworstassignment．
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5．SummaryandComclusions
Inthisstudybweshowedapossibilityofreducingpower
consumptionbyoptimizingtheassignmentofinputsig‐
nalstoinputterminalso「２－ｉｎｐｕｔＮＡＮＤｇａｔｅｓ・Itis
duetotopoIogicalasymmetryoFinputs，eventhough
thcyarelogicallysymmetric．
(1)Wetheoreticallyderivedpowerconsumptionofa
Ｚ－ｉｎｐｕｔＮＡＮＤｇａｔｅｂａｓｅｄｏｎａprobabilitytran‐
sitionmodelofinputsignals,withtakingintoac‐
counttransitionprobabilityoftheoutputandan
internalnode，Weveri6edpropernessofthetheo‐
reticalmodelbysimulation．
(2)Weproposedacriterionoftheoptimumassignment
ofinputsignaIsbasedonthetheoreticalmodeL
Weapplieｄｔｈｉｓｍｅｔｈｏｄｔｏａｌ－ｂｉｔＭｌａｄｄｅｒ，ａＳ
ａｎｅｘａｍｐＩｅ,ComposedofNANDgates・Resultsof
simulationshowedapossibilityofimprovementof
powerconsumptionuptol/1.7．
AlthoughweappIiedourmethodonlyto2-input
NANDgatesinthisstudy,thiscanbealsoextcndedto
otherlogicgates,nip-llops,andmulti-inputgates・Fbr
extcndingthismethodtomuIti-inputgates，however，
wehavetoconsiderthechargeredistributionininter‐
nalnodesAlthoughitishardtoanalyticallymodeI
multi-inputgatcs，anaIternativemethodofdetermiL
ingtheoptimuminputassignmentcanberealizedby
Monte-CarloswitChIevelsimuIationlbraUthepossi‐
bleinputassignments、Thissimulationcanbecarried
outinadvanceorinputassignment，sothatcomputa‐
tionalcompIexitywouIdnotbea舵ctedbythenumeric
simulationsomuch．
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